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A SAmLLITE SYSTEM FOR RADIO ASTRONOMICAL MEASUREMENTS 
AT LOW FREQUENCIES 

by 
J. K. Alexander and R. G. Stone 

ABSTRACT 43356 3 
A study program was initiated at the Goddard Space Flight 

Center in 1962 to survey the astronomical observations most 
readily and profitably performed by an orbiting radio obser- 
vatory, to analyze the antenna configurations most appropriate 
for such a mission, and to develop the radiometers and other 
supporting instrumentation required for a radio astronomy sat- 
ellite. This study has culminated in the conceptual design of 
a spacecraft intended solely for radio astronomical observations 
at wavelengths beyond the ionospheric cut-off. By utilizing 
long (250m) antenna elements with a terminating resistance 
placed an odd number of quarter-wavelengths from the end, a 
V-antenna can be formed having a beamwidth less than 30° and 
an 18db front-to-back ratio over a band of frequencies near 
5 bic/s. Proper combinations of four such long elements in a 
double-V or X configuration, furthermore, can be made to yield 
some gain over a dipole for observations as low as 0.3 Mc/s. 
A step-frequency, Ryle-Vonberg radiometer which employs an all 
solid-state component, comparison noise source has been devel- 
oped to perform over a 70db dynamic range with a relative ac- 
curacy of - +0.5db. 
the resistive and reactive components of antenna impedance has 
also been developed for satellite use. Observations with this 
system from a gravity-gradient stabilized spacecraft in a 
6000 km orbit would afford significant contributions to galactic 
studies, solar physics, and planetary astronomy by extending 

A simple, precise instrument to measure both 

radio observations to frequencies in the range 0.3 to 10 MC s .  
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approximate p i c t u r e ,  t h e r e  is s u f f i c i e n t  experimental  evidence 
t o  conclude t h a t ,  a t  t h i s  a l t i t u d e ,  r ad io  astronomical measure- 
ments can be made down t o  0.3 Mc/s independent  of l a t i t u d e  and 
d i u r n a l  t i m e ,  33L-5- 3 -  - 

This  r e p o r t  describes the  major f e a t u r e s  of t h e  proposed 
des ign  which provides  f o r  measurement of cosmic r a d i o  noise  
below 10 Mc/s w i t h  a d i r e c t i v e  antenna. In  t he  f i rs t  s e c t i o n  
w e  b r i e f l y  summarize t h e  s c i e n t i f i c  ob jec t ives  of the  s a t e l l i t e  
experiment. The second and t h i r d  s ec t ions  a r e  devoted t o  d i s -  

cuss ion  of t h e  antenna concepts and e l e c t r o n i c s ,  r e spec t ive ly .  
The s a l i e n t  f e a t u r e s  of the  proposed r a d i o  astronomy s a t e l l i t e  
a r e  then summarized i n  t h e  f i n a l  sec t ion .  P 
SCIENTIFIC OBJECTIVES 

G a l a c t i c  Studies .  By mapping t h e  d i s t r i b u t i o n  of cosmic 
r a d i o  noise  a t  f requencies  below 10 Mc/s, it should be poss ib l e  
t o  e s t ima te  the  emis s iv i ty  of source reg ions  i n  t h e  galaxy and 
thereby i n f e r  information regarding t h e  g a l a c t i c  magnetic f i e l d s  
and t h e  r e l a t i v i s t i c  e l e c t r o n  spectrum. If the r e l a t i v i s t i c  
e l e c t r o n s  a r e  produced i n  t h e  formation of cosmic r a y s ,  w e  may 
have a method of s tudying t h e  problem of cosmic ray  formation 
i n  the  galaxy, From observa t ions  of t h e  change i n  t h e  synchrotron 
emission spectrum due t o  f r ee - f r ee  absorpt ion i n  H I 1  reg ions  
w e  may e s t ima te  d i s t ances  t o  t he  HI1 reg ions  a s  w e l l  a s  e l e c t r o n  
d e n s i t i e s  and/or temperatures for assumed g a l a c t i c  models by 

measuring o p t i c a l  depth. Since other  l o s s  mechanisms such a s  
Bremsstrahlung, irr:verse Compton e f f e c t ,  and i o n i z a t i o n  a l s o  
may be expected t o  a f f e c t  t he  observed r a d i o  noise  spectrum, 
its i n t e r p r e t a t i o n  w i l l  never be a completely c lear -cu t  mat ter .  
Nevertheless ,  observat ions of t h e  s p e c t r a l  and s p a t i a l  d i s -  

t r i b u t i o n  of low frequency cosmic n o i s e  w i l l  provide a s i g n i f i c a n t  
new source  of information regarding t h e  composition of the  galaxy. 



I NTRODUCT I OK 

During t h e  f i r s t  f i v e  years  of t h e  exp lo ra t ion  of space by 
a r t i f i c i a l  s a t e l l i t e s  major s c i e n t i f i c  e f f o r t  was d i r e c t e d  
l a r g e l y  towards t h e  s tudy of t h e  near-ear th  environment. Due, 
i n  p a r t ,  t o  t h e  s p e c i a l  t echnologica l  problems involved, as- 
tronomical observat ions from s a t e l l i t e s  have become an es tab-  
l i s h e d  sub-discipl ine only i n  t h e  l a s t  few years .  In  one i m -  
po r t an t  a r ea ,  radio-astronomical observa t ions  a t  wavelengths 
beyond the  l i m i t s  of t h e  ionospheric  window, t h e  pioneering 
work was confined t o  a very small  group among whom were F. T. 
Haddock of t h e  Universi ty  of Michigan, A.  E. L i l l e y  of Harvard 
Univers i ty ,  J. H. Chapman of DRTE, and F. G. Smith of Cambridge 
Universi ty .  Stimulated by t h e  e f f o r t s  of t hese  workers and 
d iscuss ions  wi th  o the r  astronomers, t h e  Goddard Space F l i g h t  
C e n t e r  began t o  study t h e  development of a s a t e l l i t e  r a d i o  
te lescope i n  1962. This  program included a survey of t h e  as- 
tronomical observat ions most r e a d i l y  and p r o f i t a b l y  performed 
by an o r b i t i n g  r a d i o  observatory,  a n a l y s i s  of t h e  antenna con- 
f i g u r a t i o n s  m o s t  appropr ia te  f o r  such a mission, and t h e  s tudy 
of radiometers and o the r  support ing ins t rumenta t ion  r equ i r ed  
f o r  a r ad io  astronomy s a t e l l i t e .  The s tudy culminated i n  t h e  
conceptual design of a spacec ra f t  intended s o l e l y  f o r  r a d i o  
astronomical observa t ions  a t  wavelengths beyond t h e  ionospheric  
cut-of f . 

Extrapolat ion of t h e o r e t i c a l  models and Alouet te  s a t e l l i t e  
measurements of t h e  ionospheric  e l e c t r o n  dens i ty  d i s t r i b u t i o n  
below 1000 km have been combined wi th  experimental  r e s u l t s  ob- 
t a i n e d  by t h e  incoherent s c a t t e r  technique a t  t h e  geomagnetic 
equator  t o  p red ic t  the expected v a r i a t i o n s  of e l e c t r o n  plasma 
frequency wi th  a l t i t u d e  and t i m e  (R.  E. Bourdeau, p r i v a t e  com- 
munication). A t  6000 km t h e  plasma frequency is expected t o  
range from about 0.15 t o  0.3 Mc/s. Although t h i s  is only an 
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Solar  Physics. By making measurements over the  frequency 
range of 0.3 t o  20 Mc/s it w i l l  be poss ib l e  t o  observe b u r s t  
a c t i v i t y  a t  a l t i t u d e s  ranging from about 3 t o  20 s o l a r  r a d i i  i n  
t h e  corona. Observations of t h e  f l u x  s p e c t r a  and low frequency 
l i m i t s  of t h e  d i f f e r e n t  b u r s t  types may be expected t o  contrib- 
u t e  t o  t h e  adoption of a theory for  t h e  emission mechanism. 
Measurements of t h e  dura t ion  and t i m e  decay of b u r s t s  of type 
I1 and I11 can be i n t e r p r e t e d  i n  terms of t h e  coronal  e l e c t r o n  
temperature and can f a c i l i t a t e  t h e  measurement of t h e  temperatare  
d i s t r i b u t i o n  i n  t h e  corona f o r  assumed e l e c t r o n  dens i ty  d i s t r i -  

bu t ions .  The measurements w i l l  therefore se rve  a s  a powerful 
t o o l  for  s tudy of t h e  i n t e r a c t i o n  of s o l a r  corpuscular  s t reams 
and t h e  coronal  plasma. 

P lane tary  Studies .  The sporadic  decameter no ise  b u r s t s  
from J u p i t e r  have been t h e  sub jec t  of considerable  a t t e n t i o n  
i n  r ecen t  years ,  and y e t  t h e  mechanism of t h i s  emission is still  
not c l e a r l y  understood. Among the  major f a c t o r s  which have 
hampered t h e  study of t h e  Jovian emission have been t h e  e f f e c t s  
of t h e  e a r t h ' s  ionosphere;  however by observing from a space- 
c r a f t  above t h e  ionosphere, one should be a b l e  t o  determine t h e  
spectrum of t h e  b u r s t s  a t  f requencies  w e l l  below 10 Mc/s. Such 
d a t a  are of considerable  importance i n  t h e  determinat ion or 
confirmation of a theory regarding the  emission mechanism and 
its subsequent i n t e r p r e t a t i o n  i n  t e r m s  of the  s t r u c t u r e  of t h e  

Jovian  magnetosphere. S imi la r ly ,  observa t ions  of t h e  dynamic 
s p e c t r a  of the  Jovian storms from above the  ionosphere should 
s impl i fy  t h e  problem of determining how much of the  b u r s t  f i n e  
s t r u c t u r e  is due t o  t h e  impulsive na tu re  of the  source and t h e  
e f f e c t s  of inhomogenieties i n  the i n t e r p l a n e t a r y  plasma. 

Although s i m i l a r  no ise  s t o r m s  have never been detected 

unambiguously from other p l ane t s ,  such a p o s s i b i l i t y  cannot 
be e n t i r e l y  r u l e d  out .  The apparent s i m i l a r i t y  i n  t h e  mag- 



netospheres of t h e  e a r t h  and Jupiter make t h e  occurrence of 
t e r r e s t r i a l  noise b u r s t s  q u i t e  l i k e l y ,  and such a c t i v i t y  may 
a l ready  have been observed i n  e a r l i e r  space experiments. The 
r a d i o  astronomy s a t e l l i t e  w i l l  be ab le  t o  detect and map mag- 
netospheric  r ad io  noise  a c t i v i t y  above 300 kc/s. 

ANTENNA CONCEPTS 

I n  evaluat ing a n  antenna system f o r  a f i r s t  generat ion 
r a d i o  astronomy s a t e l l i t e ,  t h e  fol lowing p r o p e r t i e s  were con- 
s i d e r  ed : 

1. The antenna must have s u f f i c i e n t  d i r e c t i v i t y  over 
a l a r g e  enough bard of f requencies  t o  permit 
accomplishment of t h e  s c i e n t i f i c  o b j e c t i v e s  d i s -  

cussed above. 

2. The s y s t e m  must be a mechanically simple s t r u c t u r e  
which can be deployed from t h e  spacec ra f t .  

3. The e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  antenna 
s h a l l  not be in f lue reed  s i g n i f i c a n t l y  by t h e  
space environment. 

Af te r  a c a r e f u l  cons idera t ion  of var ious  antenna types  it was 
decided t h a t  a long l i n e a r  antenna conf igura t ion  could meet a l l  
of t h e s e  requirements w i t h  t h e  l e a s t  degree of compromise. The 

"V" antenna was selected over a s i n g l e  l i n e a r  antenna because 
it has a s o l i d  main lobe and much b e t t e r  s i d e  lobe surpress ion .  
By i n s e r t i o n  of te rmina t ing  r e s i s t a n c e s  a q u a r t e r  wavelength 
from t h e  end of the antenna, t h e  p a t t e r n  can be made u n i d i r e c t i o n a l  
w i t h  18db of frsnt-to-back r a t i o  over a band of frequencies .  The 
b a s i c  antenna conf igura t ion  c o n s i s t s  of two V ' s  back-to-back 
which al lows a d i f f e r e n t i a l  method to be u t i l i z e d  t o  a t t a i n  a 
very high front-to-back r a t i o  over t h e  e n t i r e  frequency range. 
This  p a r t i c u l a r  conf igura t ion  a l so  provides  some a d d i t i o n a l  
advantages which w i l l  be discussed subsequently.  
p a t t e r n s  for t h e  V an tennaa re  shown i n  Figure 1 and 2. 

Typica l  power 
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Considering t h e  s y s t e m  of fou r  conductors which forms t h e  
t w o  V a r r ays ,  it is seen t h a t  s e v e r a l  other conf igura t ions  can 
be u t i l i z e d  for  s p e c i f i c  purposes. For example, w e  know t h a t  
for  a given length  t h e  p a t t e r n s  of V antennas w i t h  obtuse angles  
have g r e a t e r  d i r e c t i v i t y  than  V antennas w i t h  a cu te  angles  a t  
t h e  lower f requencies  (below 1.5 Mc/s). Consequently, w e  can 
swi tch  t h e  four elements of t h e  antenna system so t h a t  V antennas 
w i t h  both  acu te  and obtuse angles w i l l  be used on a time-sharing 
b a s i s  i n  order t o  o b t a i n  t h e  maximum d i r e c t i v i t y  a t  a l l  f r e -  
quencies  . 
experiment is gravi ty-gradient  a t t i t u d e  s t a b i l i z a t i o n ,  I t  is 
desirable p r i n c i p a l l y  because ( a )  it g r e a t l y  f a c i l i t a t e s  t h e  
r educ t ion  of da ta  and (b) it provides a convenient and impor tmt  
method of sepa ra t ing  t h e  c e l e s t i a l  no ise  from t e r r e s t r i a l  no i se  
and from noise  generated by t h e  e a r t h ' s  r a d i a t i o n  be l t .  Separa- 
t i o n  of e x t r a t e r r e s t r i a l  f r o m  t e r r e s t r i a l  s i g n a l s  is made possible 
by t h e  high front-to-back antenna ga in  r a t i o s  of t h e  i n d i v i d u a l  
V antennas.  Consider the  p r i n c i p a l  mode of opera t ion  of t h e  

antenna elements where one acute  angle  V antenna p o i n t s  toward 

A d e s i r a b l e  but  not  imperative f e a t u r e  of t h e  rad io  astronomy 

the  c e l e s t i a l  sphere,  the other  toward the e a r t h ,  each a t t ached  
t o  i d e n t i c a l  bu t  s epa ra t e  rece iv ing  systems. The two V antennas 
w i l l  respond q u i t e  d i f f e r e n t l y  t o  t h e  i n d i v i d u a l  s i g n a l s ,  Con- 
sequent ly  two equat ions w i t h  t w o  unknowns w i l l  be telemetered 
and a s  a r e s u l t  t h e  e x t r a t e r r e s t r i a l  and t e r r e s t r i a l  components 
s e p a r a t e l y  e x t r a c t e d  i n  t h e  data reduct ion  process.  

antenna system w i l l  be extended by use of a motor-driven system 
s i m i l a r  t o  t h a t  used f o r  t h e  25-meter antenna elements on t h e  
Alouet te  s a t e l l i t e .  Figure 3 shows t h e  shape of the  booms ex- 
pected due t o  t h e  combined e f f e c t s  of grav i ty-gradien t ,  c e n t r i f u g a l ,  
and thermal  forces (J. V. Fedor, p r i v a t e  communication). Testis 

The f o u r  250-meter elements which comprise t h e  double-V 
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have shown t h a t  t h i s  amount of bending w i l l  not  d i s t u r b  t h e  
an tenna ' s  e l e c t r i c a l  c h a r a c t e r i s t i c s  appreciably s i n c e  t h e  

antenna root angle can be ad jus t ed  t o  produce a s a t i s f a c t o r y  
"apparent" acute  angle  of t h e  V, t hus  o f f - s e t t i n g  the  e f f e c t s  
of curvature .  

The d i r e c t i v e  V antennas w i l l  n o t  always be pointed i n  t h e  
r i g h t  d i r e c t i o n  t o  permit observat ions of such s p e c i a l  events  
a s  some types  of s o l a r  and Jovian bursts of s h o r t  t i m e  dura t ion .  
These p a r t i c u l a r  events  w i l l  be monitored w i t h  a r e l a t i v e l y  
non-direct ive short d ipole  a n t e m a  mounted perpendicular  to t h e  

plane of t h e  V antenna. 

RADIOlvETERS AND SUPPORTING ELECTRQXICS 

The bas ic  instrumentat ion €or a r a d i o  astronomy s a t e l l i t e  
would c o n s i s t  of three step-frequerxy radiometers ,  t h r e e  antenna 
impedance probes,  a f a s t  b u r s t  radiometer ,  and support ing e lec-  
troinics such as  plasma parameter probes and veh ic l e  aspec t  
sensors .  A block diagram of t h e  s y s t e m  is shown i n  Figure 4.  

For long term, unattended opera t ion  use of t h e  Ryle-Vonberg 
closed-loop radiometer is t h e  most d e s i r a b l e  technique f o r  
no ise  measurement s i n c e  it has  t h e  advantages of accuracy and 
s t a b i l i t y  eves i n  the  event of v a r i a t i o n s  in r e c e i v e r  ga in  and 
bandwidth, Figure 5 is a schematic diagram of such a radiometer 
of t h e  type being developed a t  GSPC under t h e  d i r e c t i o n  of R. C. 
Somerlock. I t  employs a narrow-band pre-amplif ier  and a l o c a l  
o s c i l l a t o r  for  each frequency of opera t ion ,  Three s e p a r a t e  
tuned c i r c u i t s  a r e  employed i n  each pre-amplif ier  t o  provide 
i s o l a t i o n  and p ro tec t ion  from cross-modulation. The pre- 
a m p l i f i e r s  a re  followed by a wide-band RF ampl i f i e r  and a bal-  
anced mixer where t h e  input  s i g n a l  is combined w i t h  t h e  l o c a l  
o s c i l l a t o r  s i g n a l  a t  t h e  same frequency t o  c r e a t e  a zero-IF 
sys t em.  The bandwidth of t h e  s y s t e m  is  determined by an IF  
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f i l t e r  which precedes the I F  ampl i f ie r .  The output s i g n a l  is 
synchronously demodulated i n  a phase detector dr iven  by the  
r e fe rence  o s c i l l a t o r  which a l s o  d r i v e s  t he  Dicke switch. The 
servo-loop is completed i n  t h e  normal f a sh ion  by an i n t e g r a t o r  
and a re ference  noise  source whose output  is maintained a t  the 
l e v e l  r equ i r ed  t o  n u l l  t he  input s i g n a l  from t h e  antenna. 

The a l l  s o l i d  s ta te  noise source c o n s i s t s  of an AGC- 
c o n t r o l l e d ,  high-gain, wide-band ampl i f i e r  which ampl i f i e s  t he  
thermal noise  of the  e a r l y  s t ages ,  a narrow band f i l t e r  centered  
on t h e  ope ra t ing  frequency, and an output  power ampl i f i e r  stage. 
Since t h e  noise  source is capable of providing s e v e r a l  m i l l i w a t t s  
of output  no ise  power, it is followed by a pass ive  a t t e n u a t o r  
which reduces t h e  noise  t o  the  r equ i r ed  r e fe rence  l e v e l  w i th in  
t h e  70db dynamic range of t h e  system. I n  order  t o  achieve 
optimum s t a b i l i t y  and accuracy, the  noise  source output  (which 
is p ropor t iona l  t o  t he  power received by the  antenna) is measured 
by a se l f -ba lanc ing  thermistor  br idge.  

t h e  a c t u a l  power inc iden t  on the antenna one must know t h e  
antenna impedance. Since,  a t  t h e  lower observing f requencies ,  
t h e  antenna impedance may be  modified by magneto-ionic effects, 
cons iderable  effor t  has been d i r e c t e d  towards t h e  development 

I n  order  t o  r e l a t e  t h e  power de l ive red  t o  t h e  radiometer t o  

of a probe t o  measure 
components of antenna 

both the  rea l  (R) and imaginary (X) 
impedance (2) , where 

One such probe, which 

rocke t ,  is diagrammed 
has al ready been t e s t e d  on a sounding 
i n  Figure 6. A sensor  p i cks  o f f  s i g n a l s  

p ropor t iona l  t o  t h e  antenna vol tage,  V ,  and c u r r e n t ,  I ,  a t  a 
frequency, f .  These a r e  mixed w i t h  a s i g n a l  a t  frequency f-AS, 
and t h e  two r e s u l t a n t  s i g n a l s  a t  frequency A f  a r e  amplif ied and 
de tec t ed  t o  provide outputs  propor t iona l  t o  I V l  and 111 . The 
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I 

two s i g n a l s  a r e  a l s o  compared through a phase-sensi t ive de t ec to r  
t o  provide a measurement of phase, An expander is included 
t o  allow high p rec i s ion  measurements of phase angle. 

The f a s t  bu r s t  radiometer used i n  conjunct ion with t h e  s h o r t  
d ipo le  antenna is designed t o  measure t h e  c h a r a c t e r i s t i c s  of 
impulsive noise b u r s t s  such a s  s o l a r  Type I11 b u r s t s .  I t  w i l l  
c o n s i s t  of four  fixed-frequency r e c e i v e r s  - a l l  of which w i l l  be 
open t o  recept ion  a t  t h e  same t i m e  u n t i l  a b u r s t  is de tec ted .  
The presence of a b u r s t  w i l l  be e s t a b l i s h e d  by t h e  d e t e c t i o n  of 
a s i g n a l  above some pre-set  t h re sho ld ,  i n  which case  t h e  r e c e i v e r  
w i l l  s t o r e  t h e  detected s i g n a l  and shut  i t se l f  o f f .  The t e l e m e t r y  
system w i l l  sample t h e  r e c e i v e r s  s e r i a l l y ,  and each r ece ive r  w i l l  
be r e a c t i v a t e d  upon reading out i t s  measured da ta .  Upon reac- 
t i v a t i o n ,  t h e  cycle  w i l l  r epea t .  The time between readings  
on any one channel w i l l  be about 160 mi l l i seconds  and w i l l  r e q u i r e  
about 20 mil l iseconds t o  perform a reading. By locking up a 
channel a f t e r  a s i g n a l  is de tec ted  and measuring its t i m e  of 
occurrence and amplitude and cont inuing i n  t h i s  f a sh ion  a f t e r  
each channel is read  o u t ,  it is poss ib l e  t o  measure t h e  i n t e n s i t y ,  
du ra t ion ,  and frequency d r i f t  of a b u r s t .  

SUMMARY 

The system descr ibed above w i l l  r e a d i l y  meet t h e  o b j e c t i v e s  
of a f i r s t  generation o r b i t i n g  r a d i o  te lescope  with maximum 
s i m p l i c i t y  and r e l i a b i l i t y .  U s e  of t h e  acu te  angle  V antenna 
w i l l  provide d i r e c t i v e  maps of t h e  g a l a c t i c  no ise  background 
a t  s e v e r a l  f requencies  i n  t h e  1.5 t o  10 Mc/s range. By properly 
u t i l i z i n g  switched combinations of t h e  V booms and t h e  "short"  
d ipo le  antenna, l e s s  d i r e c t i v e  measurements and i n t e g r a t e d  noise  
va lues  can be unambiguously obtained down t o  0.3 Mc/s. Obser- 
va t ions  a t  a frequency near 20 Mc/s fur thermore,  w i l l  provide a 
"bridge" t o  the lowest frequency ground-based measurements. The 
s a l i e n t  f e a t u r e s  of t h e  proposed antenna and radiometer a r e  
b r i e f l y  l i s t e d  i n  Table 1. 
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TABLE I 

ANTENNA 

RADIOMETER 

Since t h e  system under cons idera t ion  is est imated t o  weigh 
275 t o  300 lb. (125 t o  135 kg) it can be placed i n  a 6000 km 
a l t i t u d e ,  50° i n c l i n a t i o n ,  c i r c u l a r  o r b i t  with a r e l a t i v e l y  low 
cost launch vehic le .  A gravi ty-gradient  s t a b i l i z e d  antenna i n  
such an o r b i t  would provide a scan of t h e  sky a t  an angular  r a t e  
of about 1 .5O/min .  whi le  o r b i t  precession would a f f o r d  coverage 
of almost t h e  e n t i r e  c e l e s t i a l  sphere i n  about one year. The 
experiment should provide valuable i n s i g h t  t o  t h e  physics  of t h e  
galaxy, t h e  sun, and t h e  planetary system and should l ead  t o  
t h e  development of more soph i s t i ca t ed  systems f o r  r a d i o  astronomical  
observa t ions  from space. 
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FIGURE CAPTIONS 

Figure  1 - V antenna power p a t t e r n s  for  6.251 element length.  

Figure 2 - V antenna power p a t t e r n s  for  3.751 element length.  

Figure 3 - Expected shape of antenna booms a t  6000 km a l t i t u d e  
showing bending due t o  g r a v i t a t i o n a l  and thermal forces. 

F igure  4 - Block diagram of radio astronomy s a t e l l i t e  instrumentat ion.  

Figure 5 - Block diagram of s a t e l l i t e  radiometer. 

F igure  6 - Block diagram of s a t e l l i t e  antenna impedance probe. 
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